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To characterize the formation of replication compartments in human cytomegalovirus-infected cells, and to determine
the fate of newly synthesized DNA, we localized viral replication proteins and DNA synthesis at early and late times during
infection. As expected, ppUL57 (single-stranded DNA binding protein) and ppUL44 (DNA polymerase processivity factor)
both localized to replication compartments beginning at 48 hpi. BrdU was incorporated into viral DNA in these compartments
that was found to mature into progeny virus based on our ability to chase the label into the cytoplasm and out of the cell
over the ensuing 72-h period. Although the pattern of BrdU incorporation at early times (20 or 24 hpi) was punctate, and
distinct from the replication compartment that formed later during infection, viral DNA synthesized at this time also matured
into progeny virus during a chase. Interestingly, sites of ppUL57 localization did not overlap completely with sites of BrdU
incorporation at early times. Products from the UL112-113 gene localized to subnuclear regions by 6 hpi, earlier than
ppUL57. Between 12 and 24 hpi, both ppUL57 and ppUL44 joined UL112-113 gene products at sites that subsequently
developed into replication compartments. When infection was carried out in the presence of phosphonoformate or gan-
ciclovir, replication compartment formation was blocked. A viral mutant deficient in uracil DNA glycosidase, previously
shown to exhibit a delay in the initial phase of DNA replication, also exhibited delayed formation of replication compartments.
These results raise the possibility that subnuclear sites defined by UL112-113 localization orchestrate the assembly of the
CMV replication compartment and implicate punctate sites of BrdU incorporation as sites of early viral DNA replication that
precedes the formation of the replication compartment. q 1997 Academic Press
INTRODUCTION replication through oriLyt (Sarisky and Hayward, 1996).
The role of UL112-113 is less clear. While able to transacti-
Human cytomegalovirus (CMV) is a ubiquitous patho- vate viral promoters in transient assays (Iskenderian et
gen causing congenital disease as well as disease in al., 1996), UL112-113 gene products remain necessary for
immunocompromised hosts (Alford and Britt, 1995). This replication in an in vitro system where core functions are
virus carries a linear dsDNA genome of approximately expressed independently of viral transactivators (Sarisky
235 kbp with the potential to encode over 220 gene prod- and Hayward, 1996).
ucts (Cha et al., 1996; Chee et al., 1990). Like other herpes- Incorporation of bromodeoxyuridine (BrdU) has been
viruses, human CMV (Chee et al., 1990) carries a herpesvi- the principle method used to demonstrate sites of cellu-
rus-conserved set of six proteins (DNA polymerase and lar or herpes simplex virus (HSV)-1 DNA synthesis (de
processivity factor, single-stranded DNA binding protein Bruyn Kops and Knipe, 1988; Liptak et al., 1996; Lukonis
(ssDBP), and a three subunit helicase-primase) that are and Weller, 1996). In HSV-1-infected cells de novo incor-
likely to perform core replication fork functions (Boehmer poration of BrdU has been used to identify sites of cellu-
and Lehman, 1997; Mocarski, 1995). Transient CMV oriLyt- lar and viral DNA replication, a process that can be di-
dependent in vitro replication assays require the presence vided into two stages. At early times, punctate sites of
of these viral functions, as well as five additional functions BrdU incorporation are observed in infected nuclei. Re-
that are not similar to any found in alphaherpesviruses or cent work (Lukonis et al., 1997; Uprichard and Knipe,
gammaherpesviruses (Pari and Anders, 1993; Pari et al., 1997) has suggested that these sites can be divided into
1993; Smith et al., 1996; Smith and Pari, 1995a,b). Three sites of cellular DNA synthesis (which lack viral replica-
of these (UL36-38, TRS1/IRS1, IE1/IE2) have been ascribed tion proteins), and viral prereplicative sites (which con-
roles in transactivation of replication genes (Iskenderian tain viral replication proteins and are associated with
et al., 1996) and one (UL84) may influence initiation of nuclear matrix structures called ND10). ND10 sites have
also recently been shown to be associated with input
viral DNA (Ishov and Maul, 1996) and regulatory protein1 Current address: Aviron, Inc., 297 N. Bernardo, Mountain View, CA
(Everett and Maul, 1994), characteristics observed for94043.
CMV as well (Ahn and Hayward, 1997; Ishov et al., 1997).2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (650) 723-1606. E-mail: mocarski@stanford.edu. The majority of HSV-1 DNA replication occurs later during
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infection within globular replication compartments which of the cell cycle (Bresnahan et al., 1996; Dittmer and
Mocarski, 1997; Lu and Shenk, 1996). Whereas synthesisform from the prereplicative subset of early punctate sites
(de Bruyn Kops and Knipe, 1988; Lukonis et al., 1997; of CMV DNA late in infection seems to occur within large
globular structures analogous to HSV-1 replication com-Quinlan et al., 1984; Rixon et al., 1983; Uprichard and
Knipe, 1997). Prereplicative site formation (de Bruyn Kops partments, little is known about the events leading to
the formation of this compartment. Furthermore, studiesand Knipe, 1988, 1994) is orchestrated by a subset of
replication proteins including the ssDBP, the helicase- analogous to those which demonstrated cellular DNA
replication in HSV-1 prereplicative sites (de Bruyn Kopsprimase, and the OBP (Liptak et al., 1996; Lukonis and
Weller, 1996). The DNA polymerase:processivity factor and Knipe, 1988) have failed to show any incorporation of
DNA precursors into cellular DNA during CMV replicationcomplex then joins the other functions, allowing viral
DNA replication to commence. In HSV-1, all seven core (Albrecht et al., 1989; Ihara et al., 1980; Morin et al., 1996).
When the observations of Iskenderian et al. (1996) areDNA replication functions are required to form replication
compartments (Liptak et al., 1996) and the formation of viewed together with those of Sarisky and Hayward
(1996), it is possible to imagine that several loci, includingthese compartments, but not prereplicative sites, is
blocked by inhibitors of viral DNA replication (de Bruyn ie1/ie2 (Stenberg, 1993), UL36-38 (Colberg-Poley et al.,
1992; Tenney and Colberg-Poley, 1991), and UL112-113Kops and Knipe, 1988; Liptak et al., 1996; Lukonis and
Weller, 1996). Cellular replication and cell-cycle-regu- (Spector and Tevethia, 1994), may function in both DNA
replication and regulation of gene expression. Whereaslated proteins colocalize to HSV-1 prereplicative sites
and replication compartments (Wilcock and Lane, 1991), HSV-1 mutants have clarified the role of viral functions
that were initially defined using transient replication andsuggesting that host functions may contribute to viral
replication. A structure that appears similar to an HSV-1 gene expression assays (Liptak et al., 1996; Lukonis and
Weller, 1996), our understanding of CMV DNA replicationreplication compartment also forms during CMV infection
(Kemble et al., 1987; Mocarski et al., 1985) and appears to has been formed almost exclusively from transient
assays. Analyses of two different viral mutants have sug-coincide with the prominent CMV intranuclear inclusion
body (Kanich and Craighead, 1972; McAllister et al., gested that information from transient assays may be
incomplete. First, mutation of the viral uracil DNA glyco-1967). This structure contains viral DNA and appears
electron-dense when subjected to ultrastructural analy- sylase (UDG) dramatically delays the onset of viral DNA
replication in a way that suggests repair of damaged orsis (Fons et al., 1986; Severi et al., 1992; Wolber et al.,
1988). Cotransfection of Vero cells with 11 CMV replica- modified DNA is part of the initiation process (Prichard
et al., 1996). Second, an ie1 mutant that retains the abilitytion gene loci also results in the formation of replication
compartments (Sarisky and Hayward, 1996) similar to to express all ie2 gene products replicates nearly as
well as wild-type (wt) virus at high m.o.i.s (Greaves andthose observed in cells that have been transfected with
the seven HSV-1 replication functions (Liptak et al., 1996). Mocarski, 1997; Mocarski et al., 1996). ie1-Mutant virus
exhibits reduced growth ability at low m.o.i.s; however,Individual herpesvirus-conserved CMV replication pro-
teins, ppUL57 (ICP8, ssDBP) and ppUL44 (ICP36, pp52, this behavior appears to be due to an impact on gene
expression. Thus, the requirement for ie1 in transientpolymerase processivity subunit) have been found to lo-
calize to HSV-1-like replication compartments (Ertl and replication assays carried out in HFs (Sarisky and Hay-
ward, 1996) is inconsistent with the behavior of a viralPowell, 1992, Plachter et al., 1992; Kemble et al., 1987;
Mocarski et al., 1985; Pereira et al., 1982). Although the mutant disrupting this gene. These results highlight the
need for additional genetic studies in virus-infected cellsprinciple regulatory proteins encoded by the ie1/ie2 lo-
cus do not localize to these structures, proteins encoded to clarify the rules under which CMV DNA replication
normally initiates and proceeds.by the UL69 (Winkler et al., 1994) and UL112-113 (Iway-
ama et al., 1994) genes accumulate at these sites late We set out to explore the nuclear sites of CMV replica-
tion protein localization in relation to the sites of DNAin infection. CMV infection poses a difficult system in
which to investigate cellular and viral DNA replication replication and the sites of cellular replication protein
deposition. We have assessed these patterns in mutantbecause of the long standing uncertainty as to whether
cellular DNA replication continues in CMV-infected cells. as well as wt CMV-infected HFs. We examined the local-
ization of two herpesvirus-conserved proteins (ppUL44While data supporting continued cellular DNA synthesis
has been presented (Boldogh et al., 1978; Furukawa et and ppUL57) as well as those expressed from one CMV
locus (UL112-113) whose role in DNA replication remainsal., 1976, 1975; Jault et al., 1995; LaFemina et al., 1989;
St Jeor and Hutt, 1977; St Jeor et al., 1974), the weight of unresolved and compare sites of viral protein accumula-
tion to the sites of BrdU incorporation. Our work providesstudies using permissive human fibroblasts (HFs) has
been in the opposite direction (DeMarchi and Kaplan, evidence for the assembly of a complex replication com-
partment with certain qualities that are common, but1976; Ihara et al., 1980), and recent data from three labo-
ratories has shown that resting or serum-stimulated other qualities that are distinct from those exhibited by
HSV-1. In particular, we observe that viral DNA is synthe-CMV-infected cells do not progress beyond the G1 phase
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sized at early times during CMV infection prior to the and staining were performed at RT using a previously
described method (Penfold et al., 1994). At various timesformation of conventional replication compartments.
coverslips were removed from incubator and cells fixed
with glacial acetic acid:methanol (1:3), washed in PBS,MATERIALS AND METHODS
then incubated with 5% goat or horse serum (Sigma) in
Virus and cells PBS / 0.1% BSA for 20 min. Coverslips were then incu-
bated with primary Ab diluted in PBS / 0.1% BSA for 1Low passage (4–20) human HFs were cultured in Dul-
h, washed, and incubated likewise with secondary Ab.becco’s minimal essential medium (DMEM, Gibco-BRL)
For BrdU staining coverslips were treated with 4 M HClsupplemented with 10% NuSerum (Collaborative Biomed-
for 10 min after fixation. For dual staining cells wereical), amino acids, and antibiotics as previously de-
treated as above, always staining first with the unconju-scribed (Spaete and Mocarski, 1985). Cells were main-
gated Ab. Cells were then stained with a directly conju-tained at 377 and 5% CO2 . CMV strain AD169 was ob-
gated Ab. Coverslips were mounted on glass microscopetained from the American Type Culture Collection (ATCC
slides in Fluoromount G with 25 mg/ml DABCO (Sigma)VR 538), plaque-purified, prepared, and titered as de-
(Valnes and Brandtzaeg, 1985) and dried at room temper-scribed (Spaete and Mocarski, 1985). Stocks of the uracil
ature for 1 h before examination on a Molecular Dynam-DNA glycosylase RC2620 and IE1491aa RC303DAcc1 mu-
ics confocal microscope (Sunnyvale, CA). The pinholetants were prepared as described (Mocarski et al., 1996;
was set at 100 mm and collected images represent ap-Prichard et al., 1996).
proximately 1-mm sections. Images were collected using
Molecular Dynamics Image Space software and pre-Antibodies
pared for publication using Adobe Photoshop (Mountain
Mouse monoclonal antibodies (MoAbs) to CMV View, CA). Relative fluorescent intensities were pre-
ppUL44 (CH16) (Mocarski et al., 1985) and to the shared served throughout. Controls included uninfected cultures
amino terminus of IE1491aa and IE2579aa (CH160) (Plachter stained with primary and secondary Abs, and infected
et al., 1993) were purchased from the Goodwin Institute cultures stained with secondary Ab alone. For all experi-
(Plantation, FL) (Catalogue Nos. 1202 and 1203). Mouse ments at least two coverslips were examined for each
MoAb to ppUL57 (CH167) was a gift of L. Periera (UCSF, sample, experiments were performed at least three
CA) (Kemble et al., 1987), for dual labeling this MoAb times, and at least 500 cells were examined from each
was conjugated to b bodipy according to manufacturer’s specimen.
instructions (Molecular Probes). Mouse MoAb to UL112-
containing proteins (M23) was a gift from K. Hirai (Tokyo Immunofluorescent detection of BrdU incorporation
Medical and Dental University, Tokyo, Japan) (Iwayama
et al., 1994). Specificity of all Abs was confirmed by immu- BrdU labeling and detection was performed as pre-
noblot analysis with CMV-infected cell lysates (data not viously described (de Bruyn Kops and Knipe, 1988). Then
shown). Fluorescein isothiocyanate (FITC)-conjugated 10 mM (3.07 mg/ml, from a 1 mM stock in H2O) of BrdU
mouse MoAb to BrdU was purchased from Becton– Dick- (Sigma) was added to the medium of CMV or mock-in-
inson (San Jose, CA.), FITC-conjugated mouse MoAb to fected cells for 1 h at the designated times. BrdU-con-
human PCNA was purchased from Boehringer Mann- taining medium was removed, and cells were washed with
heim (Indianapolis, IN). Secondary Abs, affinity purified medium and either fixed immediately (pulse) or further
FITC-conjugated horse anti-mouse IgG, rhodamine-con- incubated for designated times prior to fixation (pulse–
jugated horse anti-mouse IgG, and Texas red-conjugated chase). Fixation was with acetic acid:methanol (1:3) fol-
horse anti-mouse IgG were purchased from Vector Labo- lowed by a 10-min treatment with 4 M HCl and washes
ratories (Burlingame, CA). with H2O and PBS. Cells were then incubated with FITC-
labeled monoclonal anti-BrdU Abs and processed as de-
Confocal microscopy scribed above for confocal microscopy. For dual staining,
cells were first incubated with a murine MoAb, which wasHFs were seeded onto 22 1 22-mm glass coverslips
detected with Texas red-conjugated horse anti-mouse an-in six-well tissue culture plates at a density of 4 1 105
tisera, and then processed to detect BrdU.cells/well. Twenty-four hours later, cells were infected
with CMV at an m.o.i. of 3 or mock-infected in parallel.
RESULTSWells were washed with medium after a 1-h adsorption
and 3 ml of fresh medium was added to each well. For CMV replication compartments
PFA (Sigma) treatment, cells were fed with medium con-
taining 660 mM (200 mg/ml) PFA (from a 20 mg/ml stock), In order to begin examining sites of DNA replication
during CMV infection, ppUL57 (ssDBP) and de novo DNAand for ganciclovir (Roche) treatment, cells were fed with
medium containing 100 mM (253 mg/ml) ganciclovir from synthesis were localized at different times postinfection
(pi) (Figs. 1 and 2). This replication protein was not de-a 10 mM stock immediately following adsorption. Fixation
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FIG. 1. Distribution of ppUL57 in CMV-infected HFs. Cells were infected at an m.o.i. of 3 with CMV AD169 in the presence or absence of PFA
and stained with MoAb anti-ppUL57 (CH167) followed by FITC horse anti-mouse immunoglobulin Ab as described under Materials and Methods.
Confocal digital images (A) 6 hpi, (B) 12 hpi, (C) 24 hpi, (D) 48 hpi, (E) 72 hpi, (F) 24 hpi in the presence of PFA at 200 mg/ml.
tected at 6 hpi (Fig. 1A) but by 12 hpi most cells exhibited tually occupying 30–50% of the nuclear volume. Starting
at 24 hpi, bipolar foci and large nuclear domains werenumerous, small punctate foci and some nuclei also had
two slightly larger foci (Fig. 1B). By 24 hpi, most cells clearly visible by phase contrast microscopy (data not
shown) and corresponded to CMV nuclear inclusionsexhibited two distinct globular foci of intermediate size
(which we denoted bipolar foci) that aligned with the long that have long been associated with CMV CPE viewed
by bright field microscopy (Kanich and Craighead, 1972;axis of the nucleus (Fig. 1C). At 48 hpi, a majority of cells
exhibited a single large nuclear domain, although bipolar McAllister et al., 1967). At late times during infection
many cells developed punctate foci at the nuclear periph-foci continued to be prominent in a few cells (Fig. 1D),
and this large nuclear domain continued to grow in size ery (Fig. 1E), which appeared to increase in size through
96 and 120 hpi, and become the dominant nuclear fea-through 72 hpi (Fig. 1E). Optical sectioning revealed that
the large domain had a kidney bean shape continued to ture at very late times (data not shown). When infection
was carried out for 24 or 48 hpi in the presence of thealign along the long axis of the nucleus as it grew, even-
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FIG. 2. Localization of DNA synthesis in CMV-infected HF with BrdU. Cells were infected at an m.o.i. of 3 with CMV AD169 and labeled with
BrdU for 1 h prior to fixation and staining with FITC-conjugated MoAb anti-BrdU at the indicated times as described under Materials and Methods.
Confocal digital images (A) 6 hpi, (B) 12 hpi, (C) 24 hpi, (D) 48 hpi, (E) 72 hpi, (F) 24 hpi in the presence of PFA at 200 mg/ml.
DNA replication inhibitors PFA or ganciclovir, the forma- infected cells: bipolar foci at early times and punctate
staining of the nuclear periphery at late times. It is possi-tion of large nuclear domains and punctate foci at the
nuclear periphery was blocked (Fig. 1F and data not ble that the rapid rate of replication, the size of replication
compartments, and the degeneration of the host cell mayshown). Consistent with previous results (Kemble et al.,
1987), mock-infected HFs failed to stain for ppUL57 (data obscure these features during HSV-1 infection.
BrdU incorporation was used to determine whethernot shown). Thus, CMV ssDBP behaves like its HSV-
1 counterpart and exhibits a punctate pattern early in DNA synthesis occurred at sites of ppUL57 accumulation
and to assess how closely this process paralleled forma-infection that become a large nuclear domain or replica-
tion compartment (de Bruyn Kops and Knipe, 1988; Quin- tion of HSV-1 replication compartments (de Bruyn Kops
and Knipe, 1988). Infected cells examined after a 1 h BrdUlan et al., 1984; Rixon et al., 1983) as viral DNA replication
progresses. Two of the features of ssDBP localization pulse at 12 hpi (Fig. 2B) exhibited a pattern of small punc-
tate foci of incorporation that increased in intensity andduring CMV infection have not been observed in HSV-1-
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FIG. 3. Colocalization of DNA replication and viral proteins in CMV-infected HFs. Cells were infected at an m.o.i. of 3 with CMV AD169 and
pulsed for 1 h with BrdU 1 h before fixation. (A and B) UL112-113 antigen (Texas Red) and ppUL57 (FITC), (C and D) UL112-113 antigen (Texas
Red) and BrdU (FITC), and (E and F) ppUL57 (Texas Red) and BrdU (FITC). Cells were fixed at either 12 (A, C, and E) or 24 (B, D, and F) hpi.
developed into bipolar foci when labeling was carried out in a majority of infected cells was distinctly different from
the diffuse staining pattern observed in uninfected cellsfrom 23 to 24 hpi (Fig. 2C). Dual staining of ppUL57 and
BrdU at 12 hpi (Fig. 3E) detected some overlap of the (data not shown). Punctate staining was also observed
until at least 48 hpi when cells were labeled with BrdU inantigens in punctate foci, however, most of small foci de-
tected with either Ab remained unaligned. By 24 hpi, larger the presence of PFA or ganciclovir (Fig. 2F and data not
shown). At 48 hpi and later, BrdU incorporation andbipolar and globular foci were prominent in most cells.
ppUL57 was almost exclusively associated with these foci, ppUL57 accumulation were at large nuclear domains
(compare Figs. 2D and 2E to Figs. 1D and 1E) similar towhereas BrdU incorporation occurred at both the larger
foci as well as the small punctate foci (compare Fig. 2C HSV-1 replication compartments. By 120 hpi, cells devel-
oped punctate foci of BrdU incorporation at the peripheryto Fig. 1C). Dual staining showed that while BrdU colocal-
ized with ppUL57 within bipolar foci at 24 hpi, the punctate of the nucleus, in a pattern that appeared similar to the
late localization pattern of ppUL57 (see Fig. 1E); however,BrdU-positive foci contained little detectable ppUL57 (Fig.
3F). This punctate BrdU pattern observed at 12 or 24 hpi BrdU consistently showed strongest incorporation in the
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FIG. 4. Distribution of ppUL44 in CMV-infected HFs. Cells were infected at an m.o.i. of 3 with CMV AD169 and stained with MoAb anti-ppUL44
followed by FITC-conjugated horse anti-mouse immunoglobulin as described under Materials and Methods. Confocal digital images (A) 6 hpi, (B)
12 hpi, (C) 24 hpi, (D) 48 hpi, (E) 72 hpi, (F) 24 hpi in the presence of PFA at 200 mg/ml.
large nuclear domain rather than at the nuclear periphery ments which completely colocalized with ppUL57 and the
other which remained punctate and did not colocalizewhere ppUL57 accumulated at very late times (96 and 120
hpi). Dual fluorochrome detection of ppUL57 and BrdU with ppUL57. The number of small punctate foci of BrdU
incorporation at 12 or 24 hpi appeared to exceed thefrom 48 hpi onwards colocalized this viral DNA replication
protein with DNA synthesis in large nuclear domains, number of foci of ppUL57 accumulation. Late in infection,
there was a striking accumulation of ppUL57 at the nu-whereas the punctate perinuclear sites of ppUL57 accu-
mulation did not incorporate significant amounts of BrdU clear periphery, but this was not associated with BrdU
incorporation. Throughout the period from 12 hpi onwards,during a 1 h pulse (data not shown). While this experiment
did not differentiate viral from cellular DNA synthesis, sites some proportion of DNA synthesis was always coincident
with ppUL57 accumulation, consistent with this viral func-of BrdU incorporation at early times during infection ap-
peared to follow two patterns, one leading towards large tion playing a key role in viral DNA replication.
In this and other experiments reported in this paper,nuclear domains similar to HSV-1 replication compart-
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only cells that exhibited expression of viral antigens were colocalized with early bipolar foci and later replication
compartments, but analogous to the situation with HSV-evaluated for replication compartment formation. We
noted that following a BrdU pulse at 6 hpi, approximately 1 (de Bruyn Kops and Knipe, 1988; Liptak et al., 1996),
ppUL44 did not associate with the small punctate foci5% of cells (Fig. 2A) exhibited diffuse or punctate nuclear
staining that was similar to the pattern observed in about containing ppUL57. These results suggest that bipolar
foci may constitute an intermediate phase in the develop-10% of mock-infected cells. These patterns could repre-
sent either repair synthesis or S phase progression, how- ment of replication compartments.
ever, the small numbers of cells in infected cultures
showing this staining pattern did not appear to be pro- Localization of CMV UL112-containing gene products
ductively infected based on the failure to contain detect-
able IE1491aa and IE2579aa or ppUL57. Despite the m.o.i. We next investigated the localization of UL112-113
gene products using MoAb M23 which is directedof 3, these cells may have escaped infection or may have
aborted infection for some other reason as previously against UL112 sequences shared by all known UL112-
113 products (Iwayama et al., 1994), including four phos-revealed in studies by DeMarchi (1983). In any case,
CMV antigen-negative cells were ignored for the purpose phoproteins with common amino termini (Wright et al.,
1988), some or all of which are necessary for optimalof this study.
oriLyt-dependent replication in transient assays (Pari and
Anders, 1993; Sarisky and Hayward, 1996). These pro-Localization of CMV ppUL44, the DNA polymerase
teins have been shown to colocalize with ppUL44 in repli-processivity factor
cation compartments (Iwayama et al., 1994) and to play
a role in DNA replication that is independent of any re-In HSV-1-infected cells, DNA polymerase and polymer-
ase processivity factor are the last to localize to replica- quirement for transactivators (Sarisky and Hayward,
1996). As previously reported (Iwayama et al., 1994),tive sites, and localization follows ssDBP, the helicase-
primase and OBP (Bush et al., 1991; de Bruyn Kops and mock-infected cells failed to stain with M23 (not shown).
In infected cells UL112-113 products were detected asKnipe, 1988; Liptak et al., 1996). We sought to identify the
nuclear distribution of CMV polymerase during infection. early as 6 hpi (Fig. 5A) in a pattern of 3–6 small globular
foci that continued to intensify through 12 hpi (Fig. 5B).Although Ab to CMV ppUL54 has been prepared (Ertl
et al., 1991), it was found to be insufficiently avid for These foci formed earlier and were distinct from either
the punctate pattern observed for ppUL57 or the diffuseimmunofluorescence analysis here. Therefore, we fol-
lowed ppUL44 (DNA polymerase processivity factor) to pattern observed for ppUL44. From 12 hpi onwards,
ppUL57 colocalized with UL112-113 products in largerdetermine timing of association with sites of ppUL57 and
BrdU incorporation during CMV infection. In HSV-1 infec- globular foci that appeared to be generated from the 3–
6 small globular foci, but not in punctate ppUL57 positivetion, localization of either polymerase or polymerase pro-
cessivity factor have provided comparable results. foci (Fig. 3A). BrdU also colocalized with UL112-113 prod-
ucts within larger foci in some cells, but BrdU and theseppUL44 was not detected in mock infected cells (Mocar-
ski et al., 1985) (data not shown) or at 6 hpi in infected gene products remained separate in other cells (Fig. 3C).
At 24 hpi UL112-113 products colocalized with bothcells (Fig. 4A). At 12 hpi, this antigen exhibited a diffuse
nuclear staining pattern in most cells (Fig. 4B), although ppUL57 and BrdU in bipolar foci (Figs. 3B, 3D, and 5C),
although BrdU localized predominantly to punctate sitessome cells had areas of increased accumulation underly-
ing a diffuse pattern. As previously noted by a number at this time. At 48 hpi these antigens were all present in
large globular domains (Figs. 5D and 5E) and at 72 hpiof groups (Iwayama et al., 1994; Mocarski et al., 1985;
Plachter et al., 1992), ppUL44 localized mainly to bipolar and later, some UL112-113 products were associated
with the nuclear membrane in a ring pattern analogousfoci at 24 hpi (Fig. 4C) and large nuclear domains at 48
and 72 hpi (Figs. 4D and 4E) with diffuse background to the pattern observed for ppUL44 (Fig. 5E). In the pres-
ence of PFA, UL112-113 products did not proceed be-staining continuing throughout infection. ppUL44 colocal-
ized with ppUL57 in bipolar foci and large nuclear do- yond the stage of 3–6 small globular foci until at least
48 hpi (Fig. 5F), and corresponded to a subset of themains when assessed by dual staining at 24, 48, and 72
hpi (data not shown). In addition to this colocalization, ppUL57 foci (Fig. 1F and data not shown). Although
UL112-113 products, ppUL57 and ppUL44, exhibited dis-ppUL44 became associated with the periphery of the
nucleus starting at 48 hpi and formed a continuous pe- tinct staining patterns between 12 and 24 hpi, all three
were associated with the 3–6 small globular foci thatripheral ring at 72 hpi (Fig. 4D), a pattern that has also
been described by others (Plachter et al., 1992). When were first detected by MoAb M23 at 6 hpi and became
more intense at 12 hpi (Fig. 3). These appeared to growinfection was carried out in the presence of the DNA
replication inhibitor, PFA, the diffuse ppUL44 nuclear in size between 6 and 12 and continued to develop into
bipolar foci between 12 and 24 hpi. Furthermore, bothstaining pattern persisted through 24 (Fig. 4F) and 48 hpi
(data not shown). Thus, the polymerase accessory factor small globular foci and bipolar foci remained in the same
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FIG. 5. Distribution of UL112-113 antigen in CMV-infected HFs. Cells were infected at an m.o.i. of 3 with CMV AD169 and stained with MoAb
anti-UL112-113 (M23) followed by FITC-conjugated horse anti-mouse immunoglobulin as described under Materials and Methods. Confocal digital
images (A) 6 hpi, (B) 12 hpi, (C) 24 hpi, (D) 48 hpi, (E) 72 hpi, (G) 24 hpi in the presence of PFA at 200 mg/ml.
confocal plane as the developing replication compart- Effect of mutations in UL114 (UDG) and IE1491aa on
replication compartment formationment. The very early presence of UL112-113 at these
sites, and the subsequent colocalization of both viral rep- Two mutant viruses were used to help elucidate the
lication proteins and BrdU suggests that UL112-113 func- impact of viral functions on replication complex forma-
tions may contribute to the formation of CMV replication tion: (i) a UL114 (UDG) deficient virus (RC2620), which
compartments. exhibits a defect in the initial stages of viral DNA replica-
Because previous studies implicated UL112-113 prod- tion and replicates with a 24–48 h delay relative to wt
ucts as transactivators of gene expression (Iskenderian (Prichard et al., 1996) and (ii) an IE1491aa-deficient virus
et al., 1996; Kerry et al., 1996) as well as in DNA replica- (RC303DAcc) (Mocarski et al., 1996). We found that the
tion (Sarisky and Hayward, 1996), we compared the local- UDG-deficient mutant exhibited a delay in replication
ization of UL112-113 to that of the major CMV a proteins compartment formation consistent with its delayed repli-
(IE1491aa and IE2579aa). Consistent with earlier studies cation phenotype (Prichard et al., 1996). ppUL57 accumu-
(Iwayama et al., 1994; Otto et al., 1988), MoAb CH160 to lated in small punctate foci at 24 hpi (Fig. 6A) but re-
IE1491aa and IE2579aa (Plachter et al., 1993), exhibited a mained restricted to small nuclear foci no larger than the
diffuse nuclear pattern at 6, 12, 24, 48, and 72 hp (data bipolar foci observed in wt infected cells at 48 or 72 hpi
not shown). These results reinforced the specificity of (Figs. 6B and 6C). Large nuclear domains began to ap-
UL112-113 product localization in a pattern distinct from pear at 96 hpi (data not shown), representing a 24- to
48-h delay relative to wt virus (Figs. 1B–1E). Localizationother viral regulatory proteins.
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FIG. 6. Localization of ppUL57 and DNA synthesis in HF-infected with the replication-deficient mutant RC2620. Cells were infected with RC2620
at an m.o.i. of 3 and labeled with BrdU for 1 h prior to fixation. Cultures were stained with MoAb anti-ppUL57 (CH167) followed by FITC-conjugated
horse anti-mouse immunoglobulin (A–C) or with FITC-conjugated MoAb anti-BrdU (D–F) as described under Materials and Methods. (A and D) 24
hpi, (B and E) 48 hpi, and (C and F) 72 hpi.
of ppUL44 and UL112-113 gene products was also de- Cellular and viral DNA synthesis during CMV infection
layed in RC2620-infected cells when compared to wt
Reports presented over the past two decades (Al-(data not shown). BrdU was incorporated into punctate
brecht et al., 1989; Ihara et al., 1980; Morin et al., 1996)foci at 24 hpi in mutant virus-infected cells (Fig. 6D), into
have all concluded that virus-induced alterations in cellu-punctate as well as bipolar foci at 48 hpi (Fig. 6E), into
lar nucleoside pools contribute to the failure to detectdistinctly bipolar foci at 72 hpi (Fig. 6F) and mostly into
incorporation of [3H]thymidine into cellular DNA at 24 hthe large nuclear domain at 96 hpi (data not shown). This
or later during CMV replication. Given this, and morepattern represented a 24- to 48-h delay compared to wt.
recent studies showing CMV induces a G1 block in theDespite a delay in replication compartment formation,
cell cycle (Bresnahan et al., 1996; Dittmer and Mocarski,BrdU incorporation started as long as 3 days prior to
1997; Lu and Shenk, 1996), we investigated the fate ofthe accumulation of mutant viral DNA or progeny virus
DNA synthesized at early as well as late times during(Prichard et al., 1996). In either mutant or wt-infected
CMV replication. CMV-infected cells were labeled withcells, the formation of a replication compartment coin-
BrdU for 1 h at 1, 23, and 47 hpi. We assumed that cellularcided with the transition to maximal rates of viral DNA
DNA would remain in the nucleus but viral DNA wouldsynthesis and production of viral progeny.
move out of the nucleus as a component of maturingIn IE1491aa-deficient virus-infected cells, localization of
virus, and so assessed the fate of incorporated label byppUL57, ppUL44, and UL112-113 gene products, as well
chasing newly synthesized DNA for various periods ofas BrdU incorporation, all occurred with kinetics that were
time. When CMV-infected cells were pulse-labeled for 1identical to those observed for wt (results not shown), con-
h at 1 hpi, incorporation was localized to a diffuse orsistent with the ability of this virus to replicate normally at
punctate patterns in the nucleus in 10% of the cell popula-high m.o.i.s (Mocarski et al., 1996). Thus, IE1491aa is com-
tion (data not shown) and this pattern remained un-pletely dispensable for activation of replication gene func-
changed through a 5-h chase (Fig. 7A). BrdU incorporatedtions as well as the formation of replication compartments.
at 1 hpi relocated to punctate foci during a longer 24Presumably, the need for this function during transient repli-
(Fig. 7B) or 48 (Fig. 7C) h chase but did not localize tocation assays carried out in HF cells (Sarisky and Hayward,
either bipolar foci or large nuclear domains that formed1996) is analogous to low multiplicity infection where the
over this period. Thus, cellular DNA that had been synthe-IE1491aa mutant exhibits a marked growth deficiency attrib-
sized shortly after infection (in CMV antigen-positiveuted to reduced expression of viral gene products (Greaves
and Mocarski, 1997; Mocarski et al., 1996). cells) was diffuse but rearranged into punctate foci dur-
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ing a chase period, whereas mock-infected cells pulse- domains where viral replication was detected, we under-
took localization of PCNA, a processivity factor for cellu-labeled with BrdU for 1 h showed a diffuse nuclear stain-
ing pattern similar to that shown in Fig. 7A, which re- lar DNA polymerases (Bravo et al., 1987; Lee et al., 1991).
Previous work had shown that cellular DNA replicationmained diffuse during a 48-h chase (data not shown).
We next compared the fate of BrdU that had been factors and cell cycle-regulated proteins localize with
HSV-1 prereplicative sites and replication compartmentsincorporated into small punctate foci in infected cells
following a 1-h pulse at 23 hpi (Fig. 7D) and found that (Wilcock and Lane, 1991). PCNA was induced in the nu-
clei of most CMV-infected cells (Dittmer and Mocarski,this label relocated to bipolar foci, large nuclear domains
and the cytoplasm during 24- or 48-h chase periods (Figs. 1997) both in the presence and absence of PFA (Figs.
8B and 8F), whereas uninfected cells exhibited a very7F and 7G). After a 72-h chase most of this BrdU ap-
peared to have left the cells (Fig. 7H). BrdU incorporated weak staining pattern (Fig. 8A). This staining did not re-
semble either the small punctate ppUL57- or BrdU-posi-into bipolar foci and large replication compartments fol-
lowing a 1-h pulse at 47 hpi (Fig. 7E) also chased into tive foci (Figs. 1B and 2B). At 24 hpi and later (Figs.
8C through 8E) PCNA concentrated to bipolar foci andthe cytoplasm during a 24- to 72-h chase (data not
shown). These data provide direct evidence that viral replication compartments. PCNA, therefore, followed a
localization pattern that most closely paralleled that ofDNA synthesized at 23 or 47 hpi can mature and leave
the nucleus (presumably in virions) within a 24-h period. ppUL44.
Thus, viral DNA appeared to selectively incorporate BrdU
during a pulse at either 23 or 47 hpi. DISCUSSION
BrdU incorporation exhibited a complex staining pattern
We have characterized replication compartments thatat 23–24 hpi, with both punctate and bipolar foci present
form during CMV infection and have followed the fatein most cells (Fig. 2C). Although ppUL57, ppUL44, and
of DNA synthesized at both early and late times duringUL112-113 gene products localized to bipolar foci at this
infection. At late times (48 hpi and later), ppUL57 (ssDBP)time (Figs. 1C, 3B, 4C, and 5C), none of these were associ-
(Kemble et al., 1987), ppUL44 (polymerase processivityated with punctate foci at 24 hpi. No matter where BrdU
factor) (Mocarski et al., 1985; Plachter et al., 1992), andwas incorporated at 23 hpi or later, the signal uniformly
PCNA (Dittmer and Mocarski, 1997) localize to large nu-chased to replication compartments and out of the nucleus
clear domains that likely play a role similar to HSV-1 repli-following a 96-h chase. In a preliminary analysis, we de-
cation compartments (de Bruyn Kops and Knipe, 1988;tected BrdU in virion DNA collected from the culture fluid at
Liptak et al., 1996; Quinlan et al., 1984; Rixon et al., 1983;120 hpi (data not shown). Thus it appears that a significant
Wilcock and Lane, 1991). BrdU is incorporated into viralamount of incorporation occurred at sites which lacked
DNA in these compartments and is subsequently pack-viral replication proteins. The incorporation of BrdU at sites
aged into virions, leaving the nucleus over the ensuingof accumulation of viral replication proteins as well as into
24- to 72-h period. While the replication compartmentsother nuclear sites suggests that both viral and cellular
that form late during CMV infection were similar to thosereplication machinery may contribute to viral DNA synthesis
described for HSV-1, we observed several characteristicsat early times. A more complete understanding of the role
unique to CMV. The most important observations we havecellular or viral proteins play in viral DNA replication will
made include: (i) accumulation of viral replication proteins,require further analyses. The observed incorporation of
in particular ssDBP, in subnuclear areas that are onlyBrdU into viral rather than cellular DNA at 24 hpi is consis-
partially coincident with early punctate sites of viral DNAtent with reports of virus-induced alterations in cellular nu-
replication, (ii) BrdU incorporation into viral DNA at bothcleoside pools (Albrecht et al., 1989; Ihara et al., 1980; Morin
early and late times in infection even before a replicationet al., 1996) and of a G1 block in the cell cycle (Bresnahan
compartment has formed, and (iii) the formation of a dis-et al., 1996; Dittmer and Mocarski, 1997; Lu and Shenk,
tinct intermediate stage, termed bipolar foci that has not1996).
been described in HSV-1-infected cells. It is possible that
some of these events may occur in HSV-1-infected cellsLocalization of PCNA in CMV-infected cells
(Lukonis et al., 1997; Uprichard and Knipe, 1997), but have
not been readily observed due to the rapid rate HSV-1To investigate whether cellular replication machinery
may be present at small punctate foci or large nuclear replication. We have found that the CMV ssDBP, like its
FIG. 7. Distribution of BrdU in CMV-infected HFs. Cells were infected at an m.o.i. of 3 with CMV AD169 and labeled with BrdU for 1 h, washed,
and further incubated until fixation after the indicated chase period. Cultures were stained with FITC-conjugated MoAb anti-BrdU as described
under Materials and Methods. (A) Infected cells labeled at 1 hpi and chased until 6 hpi. (B) Infected cells labeled at 1 hpi and chased until 24 hpi.
(C) Infected cells labeled at 1 hpi and chased until 48 hpi. (D) Infected cells labeled at 23 hpi and fixed at 24 hpi (from Fig. 2). (E) Infected cells
labeled at 47 hpi and fixed at 48 hpi (from Fig 2). (F) Infected cells labeled at 23 hpi and chased until 48 hpi. (G) Infected cells labeled at 23 hpi
and chased until 72 hpi. (H) Infected cells labeled at 23 hpi and chased until 96 hpi.
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HSV-1 counterpart, localizes to subnuclear sites prior to analysis at various times during infection. By following
the cellular redistribution of BrdU incorporation during aassociation of DNA polymerase/polymerase processivity
factor, and that only a subset of these sites are coincident chase period, we detected incorporation into viral DNA
consistent with other recent observations that reliedwith sites of BrdU incorporation. As with HSV-1, inhibition
of viral DNA replication blocks the association of DNA upon the buoyant density of viral DNA (Morin et al., 1996).
Thus, viral DNA is synthesized at early times when therepolymerase/polymerase processivity factor with these
sites, and hence inhibits complete replication compart- is no uniform organization of ppUL57 or other replication
proteins at sites where DNA synthesis takes place. Wement formation.
BrdU labeling indicated that DNA was synthesized at are currently evaluating whether the numerous punctate
sites of BrdU incorporation at early times contain viralearly times (23–24 hpi) in both bipolar foci and dispersed
punctate foci. A chase suggested most or all BrdU incor- DNA and whether the number of foci are proportional to
the number of input genomes. Detailed biochemical andporation was into viral DNA at either 24 or 48 hpi even
though punctate sites of incorporation did not contain genetic study will be needed to fully understand the role
of foci as initial sites of viral DNA replication.accumulated viral replication proteins. Recent work in
HSV-1-infected cells (Lukonis et al., 1997; Uprichard and Three patterns of early localization were observed in
the presence of viral DNA replication inhibitors. (i) CMVKnipe, 1997) has also demonstrated early DNA synthesis
in punctate nuclear sites, well before replication com- ssDBP and DNA replication localized to multiple punctate
foci that had the appearance of prereplicative sites inpartments are fully formed. These sites can be subdi-
vided into sites of cellular or viral DNA synthesis, based HSV-1 studies (de Bruyn Kops and Knipe, 1988; Quinlan
et al., 1984). (ii) UL112-113 products localized into 3–6on their association with viral replication proteins and
cellular ND10 structures (Ishov and Maul, 1996; Lukonis small nuclear foci that developed into bipolar foci and
replication compartments when DNA replication was al-et al., 1997; Uprichard and Knipe, 1997). It is possible
that CMV displays a similar heterogeneity of synthesis lowed to proceed. (iii) CMV DNA polymerase processivity
factor and PCNA exhibited a diffuse nuclear staining thatat early times, and it will be interesting to investigate
sites BrdU incorporation relative to ND10 structures. suggested they did not participate in either early localiza-
tion process. Based on 24-, 48-, or 72-h chase periodsWhen the three proteins colocalizing with the replica-
tion compartment (ppUL57, ppUL44, and UL112-113 in the absence of inhibitors, DNA synthesized at punctate
sites and bipolar foci chased into replication compart-products) were examined individually, we found each to
give distinct localization patterns early during infection. ments and into the cytoplasm (unpublished observa-
tions). Our data suggest that the viral DNA replicationAlthough all three can be found associated with 3 – 6
globular foci that form between 12 and 24 hpi and with inhibitors (PFA, ganciclovir) incompletely block the viral
DNA polymerase or allow the use of cellular functionsbipolar foci at 24 hpi, there was only partial overlap with
the numerous punctate sites of BrdU incorporation at 12 to synthesize viral DNA at early times. Neither cellular
nor viral proteins gave a straightforward indication ofor 24 hpi. These early sites of DNA synthesis also failed
to localize with the cellular replication protein PCNA. the composition of early sites of viral DNA replication.
Although the earliest foci to form were the 3–6 smallThus, CMV may follow a pathway that is distinct from
HSV-1 (de Bruyn Kops and Knipe, 1988; Liptak et al., nuclear foci defined by UL112-113 protein localization,
these did not appear to be prominent sites of BrdU incor-1996; Lukonis et al., 1997; Lukonis and Weller, 1996;
Quinlan et al., 1984; Rixon et al., 1983; Uprichard and poration at early times even though they appeared to be
the progenitors to bipolar foci and replication compart-Knipe, 1997; Ward et al., 1996).
Despite many years of studies of prereplicative sites ments that synthesize DNA later in infection. Based on
these observations, we believe that UL112-113 productsand replication compartments that form during HSV-1
infection, a BrdU pulse –chase analysis similar to that may serve to organize the formation of replication com-
partments during CMV infection. Despite the fact thatused here has not been undertaken, and so direct com-
parisons are not possible. In addition to the analysis BrdU incorporation at early times or in the presence of
DNA replication inhibitors did not fully colocalize withshown, we examined BrdU incorporation at 19 – 20 hpi
followed by a chase for 24, 48, or 72 h and observed a viral DNA replication proteins, it is important to note that
all newly synthesized DNA was uniformly able to associ-pattern very similar to that shown for the 23–24 hpi pulse
(unpublished observations). Considering that we ex- ate with bipolar foci and replication compartments during
a chase period. It is very likely that replication compart-pected alterations in nucleoside and nucleotide pools
that would favor incorporation into viral DNA (Albrecht et ments provide an environment that is appropriate for the
completion of DNA synthesis and for packaging of viralal., 1989; Ihara et al., 1980; Morin et al., 1996), and given
the recent observations showing a CMV-induced cell cy- DNA into capsids.
One final feature of CMV replication compartmentscle block prior to S phase (Bresnahan et al., 1996; Dittmer
and Mocarski, 1997; Lu and Shenk, 1996), we expected that appears distinct from HSV-1 is the redistribution of
replication proteins toward the nuclear periphery laterto detect viral DNA replication using BrdU pulse-labeling
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FIG. 8. Distribution of PCNA antigen in CMV-infected HFs. Cells were infected as described in the legend to Fig. 1 and stained with MoAb anti-
PCNA-FITC conjugate as described under Materials and Methods. Confocal digital images (A) uninfected, (B) 12 hpi, (C) 24 hpi, (D) 48 hpi, (E) 72
hpi, (F) 24 hpi in the presence of PFA at 200 mg/ml.
in infection. ppUL57, pul44, and UL112-113 products all to the nuclear periphery, and to define sites of virion
maturation are ongoing in our lab.relocated to this region by 72 hpi, and this relocation is
associated with some BrdU incorporation at the nuclear ACKNOWLEDGMENT
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